The tracer appearance time relative to the ra dial artery-sampling site has been evaluated in six brain locations in five human subjects using dynamic positron emission tomography (PET) following the bolus injection of H2150. There was a maximum difference of ± 2 s from the average in each location. To globally adjust the timing difference between the measured arterial curve and the 150-labeled water is one of the most commonly used tracers for the measurement of CBF by posi tron emission tomography (PET) (Herscovitch et aI., 1983; Raichle et aI., 1983). With this method, it is necessary to measure the arterial input function in addition to the radioactivity distribution in the brain. As described in our previous report (lid a et aI., 1986), great attention has to be paid to the mea surement of the arterial input function in the auto radiographic CBF method using the bolus injection of H 2 150. Our previous article emphasized mainly the importance of dispersion effects in the measure ment of the arterial concentration curve. Another important error source is related to the correct as sessment of the time delay between the peripher ally sampled input function and the brain tissue ra dioactivity measurement. Since the blood radioac tivity concentration is commonly sampled from the
PET scan, a correction method was developed based on a nonlinear least-squares fitting procedure. This new tech nique determined the global time delay with an accuracy of ± 0.5 s. On the other hand, the linear backward extrap olation method resulted in a systematic error of 4 s. Key Words: Cerebral blood flow-150-labeled water-Posi tron emission tomography. radial artery, the measured arterial concentration curve includes a systematic delay relative to the brain tissue measurement. This situation produces a nonnegligible error in the calculation of CBF (lida et aI., 1986; Koeppe et aI., 1986; Kanno et aI., 1987) , which has to be corrected by means of a suit able technique.
One might consider the use of the time-activity curve derived from the total coincidence counts of the PET detector rings to correct for this timing lag.
In most of the previous work with use of the intra venous bolus injection of HPO, the description of the procedure, however, is technically unclear with respect to the determination of this timing relation. Kanno et al. (1987) have described a practical pro cedure for the determination of the time delay by the backward linear extrapolation of the rising slopes of the arterial and the detector ring curves.
The accuracy or mathematical validation of this technique, however, was not proved. Moreover, quite few studies have yet been carried out re garding the regional difference of the tracer arrival time for various locations of cerebral tissue (lida et aI., 1987; Lammertsma et aI., 1987) .
The present article was intended (a) to evaluate the regional differences of tracer arrival time in ce rebral tissue and (b) to develop a simple and appro priate method for the global adjustment of the time delay in the H 2 150 bolus injection method.
METHODS

PET procedure
This study was performed on five human subjects with normal angiographical indication (no stenoocclusive le sion, no wall irregularity, no arteriovenous shunt). A 6-min transmission scan and a 2-min Cl50 scan were per formed for attenuation and cerebral blood volume (CBV) correction, respectively. The PET scanner used ' was the Headtome III (Kanno et aI., 1985) . Following the intrave nous bolus injection ofH/50, the same levels of the brain were scanned repeatedly using 5-s intervals during the first 50 s, 15 s during the next 75 s, and 60 s during the last 120 s. The total scan time was 245 s. The injection dose in millicuries was 0.4 times the body weight in kilo grams (Kanno et aI., 1987) . The count loss due to dead time was corrected and guaranteed to be < 1 % for the present study (Yamamoto et aI., 1986) . The arterial radioactivity concentration was contin uously monitored by detecting !3-rays emitted from the arterial blood using a plastic scintillator (Iida et aI., 1986; Kanno et aI., 1987) . The arterial blood was withdrawn at a flow rate of 10 mllmin via a manometer tube of 0.5-mm inner diameter. The tube was directly connected to the catheter without the use of three-way taps. Thus, the present detector system included a negligibly small dis persion effect. The dispersion time constant was esti mated as < 1 s when the dispersion function was approxi mated by the single exponential function.
Regions of interest were selected for six structures of the brain, namely, the lentiform nucleus, the insular cortex, the parietal cortex, the occipital cortex, the cen trum semiovale, and the cerebellum. For all regions of interest, CBV was <0.05 mllg as evaluated by the Cl50 scans.
Measurement of regional time delay
Assuming a uniform and constant blood flow and in stantaneous equilibrium, the tracer concentration in a re gion of interest can be expressed by
where Dm(t) (fLCiJml) is the measured tissue concentra tion in the selected region of interest, Ca(t) (fLCi/ml) is the measured arterial concentration, M is the time delay of the arterial curve relative to the tissue curve, a(g/ml) is the tissue fraction defined as the ratio of the tissue mass to the region-of-interest volume, E is the single-pass ex traction fraction,f (mllmin/g) is the regional CBF, and p (mllg) is the brain/blood equilibrium partition coefficient for water. Three parameters (kl, k 2 ' and �t) were deter mined for the six brain locations for each study in the sense of the nonlinear least-squares fitting procedure. First, the following index was minimized by searching two parameters (kl and k 2) for various delays, and second, one delay (�t) was chosen for which the index was smallest:
where Tj and Tf denote the start and the stop time, re spectively, of the jth scan and PETj is the region-of-in terest concentration measured in the jth reconstructed image. In the above formulation, the �t values represent the regional time delays, i.e., the time delays of the blood measurement compared to the tracer arrival time at each brain location.
Global adjustment of time delay: method 1
The total true coincidence counting rates of the three detector rings were fed to the computer of the Headtome III together with the arterial concentration curve mea sured by the !3-detector. These curves were recorded during the experiment. Since the ring curves correspond to the global time-activity curves of the cross-sectioned brain tissue, they should be roughly described by a con volution integral of the measured arterial curve with a single exponential function:
where �T indicates the global time delay between the measured arterial curve and a particular total brain slice and A and B are arbitrary parameters. Three parameters (�T, A, and B) were determined in each study by means of a least-squares fitting algorithm so that the curve, X(t),
reproduced the measured ring curve for the middle one of the five slices. Here, just fit of the curve was obtained by searching two parameters (A and B) for various delays, and one delay (�n was chosen for which the X 2 was smallest. This procedure was similar to the determination of r�gional delays described above except that the double integral formulation of Eq. 2 was not employed here. The data of the first 50 s of the ring curve were used for the fitting.
Global adjustment of time delay: method 2
We have also evaluated another technique that used the backward linear extrapolation of the initial slopes of the PET central ring and the blood curves. This technique was previously described in detail by Kanno et al. (1987) .
RESULTS
Ta ble I shows the regional differences of the time delays, �t, which were defined, as described in Eq. I, as the delays of the arterial curve with respect to the individual brain tissue curves. Larger values of �t correspond to an earlier appearance of H 2 150 in each brain region. The tracer arrived in the region of the lentiform nucleus first and then reached the regions of the insular cortex and the parietal cortex.
In the cerebellum, the tracer appearance was de layed by �4 s with respect to the region of the lenti form nucleus. Thus, the tracer arrival time differed by a maximum of ± 2 s from the average in each brain location. Figure 1 shows an example of the three PET ring curves and the blood curve for a typical study (sub ject no. 1) together with the convoluted curve, X(t).
The ring curves rose on the average to-IS s after Method 1: least-squares fitting of the ring curve by Eq. 2; method 2: backward extrapolation of the initial slopes of the ring and the arterial curves as described by Kanno et al. (1987) .
the intravenous injection of H2150. The rise of the arterial curve was systematically delayed from the ring curve. According to the present adjustment method (method 1), based on the least-squares fit ting of the ring curve by the convoluted curve of Eq. 3, this time delay was evaluated at 12 s. On the other hand, the linear extrapolation technique (method 2) resulted in a global time delay of 7 s, which is 5 s less than with method 1.
The global time delays determined by both methods are tabulated in Ta ble 1. It can be seen that method 1 gave consistent values that almost agreed with the average of the regional time delays ob tained by the dynamic measurement (8.0 vs 8.2 s). On the other hand, method 2 gave systematically smaller delay estimates by -4 s. tion study: a curve measured by a i3-detector that represents the arterial curve, Ca(t); curves measured by three detector rings corresponding to the global head curves; and the con voluted curve corresponding to the calculated head curve, X(t) (see text, Eq. 3). The arterial curve includes a systematic delay during which the tracer travels through the vascular catheter system. In method 1, the global timing relation was adjusted by comparing the curve, X(t), with the ring curv � in the sense of least-squares fitting. In method 2, the timing was adjusted by the backward linear extrapolation of the ring curve and the arterial curve. I.V., intravenous.
DISCUSSION
The autoradiographic CBF method using the in travenous bolus injection of H 2 150 requires the de termination of the common zero time for the mea sured arterial and brain tissue curves in every study by means of an appropriate procedure, because the measurement of the blood curve, usually sampled at the level of the radial artery, includes an arbi trary time delay due to differences in transit times in the vessels and the sampling catheters. In the H 2 150 autoradiographic approach, an inaccurate determination of the zero time produces a system atic error in the calculated CBF values that is de pendent on the data accumulation time (Hersco vitch et aI., 1983; Iida et aI., 1986; Kanno et aI., 1987) .
To properly correct for the above-described time shift, we have developed a global adjustment tech nique that is based on a least-squares fitting proce dure using the global tissue activity curve (repre sented by the total coincidence counting rate of a PET detector ring) and the arterial blood curve, which are related by a convolution as described in Eq. 3. This procedure is similar to the method de scribed above for the determination of the regional time delays (Eq. 1). However, since the measured total ring curve reflects the time-activity curve for a heterogeneous mixture of tissues with different time delays, partition coefficients, and blood flows, Eq. 2 is not entirely correct. Nevertheless, in spite of such heterogeneity, the present technique for the global determination of the time shift (method 1) re sulted in consistent values that were almost equal to the average of the regional time delays. The dif ferences were within 0.5 s.
On the other hand, when we used the linear backward extrapolation technique (method 2) for the global adjustment, the timing delay was system atically underestimated by an average of 4 s. An error of this magnitude will result in a systematic overestimation of �20 and 12% in the calculated CBF by the H 2 150 autoradiographic method for data accumulation times of 40 and 60 s, respec tively (lid a et aI., 1986; Kanno et aI., 1987) .
The present study shows that the tracer arrival times for different brain structures vary by a max imum of about ± 2 s from the average arrival time.
Our results ( Table 1) were obtained from subjects with a normal vascular structure. It would be of in terest to investigate the regional arrival time differ ences in patients with occlusive lesions. This method might identify the occlusive portion and/or the collateral circulation in patients with occlusive lesions of the carotid artery system.
The variation of ± 2 s in the time delay will give rise to an error in CBF of about ± 10 and 6% for data accumulation times of 40 and 60 s, respec tively. From the point of view of clinical applica tion, it might be difficult (impractical, time con suming) to determine the regional zero times for each brain location in every study. Although the present dynamic method provides regional determi nations of the time delays, extended computing times would be needed to calculate the regional time delays for the whole brain. From this point of view, a prolonged data accumulation time would be recommended to minimize the effect of timing errors on CBF values calculated by the H 2 150 au toradiographic method.
In the present study, we discussed the use of the global calculation of method I for the central ring versus regional calculation. An intermediate tech nique for global calculation (use of method 1 for each slice ) would improve the results of the global method.
The present f3-detector system includes a negli gibly small external dispersion effect, much smaller than for the system described previously (Iida et aI., 1986) . Nevertheless, the measured arterial curve could exhibit a net internal dispersion effect arising from transit time differences of the tracer between the left ventricle and the radial artery and the left ventricle and the brain (Iida et aI., 1986) .
This internal dispersion was evaluated to corre spond to a time constant of 3-5 s when the disper sion function was approximated by a single expo nential function (H. lida et aI., in preparation). The dispersion correction should therefore be made be fore the adjustment procedure for the time delay, using the present technique (method 1), is applied.
It should be noted that we did not take into account dispersion effects in the present study. Neglect of J Cereb Blood Flow Metab, Vol. 8, No.2, 1988 the dispersion produced a time shift error of � 1 s in both methods.
One might suppose the necessity of the arterial CBV correction in calculating Eq. 1. In more accu rate formulation, the factor f3CBV Ca(t + Llt) should be added to Eq 1. Here, f3 is the arterial CBV fraction (�0.05 g/ml) (Johnson, 1978) . How ever, this correction did not affect the final results, because we analyzed only regions in which the total CBV was small «0.05 mIlg).
